Abstract The objective of this research work was to determine the characteristic features of the oil content and composition of nutrients of sesame seeds grown in Morocco. Characteristic features of the seed oil revealed a high degree of unsaturation and as determined by gas chromatography reported herein, the major unsaturated fatty acids were linoleic acid (46.9%) followed by oleic acid (37.4%), while the main saturated fatty acid was palmitic acid (9.1%). Sesame seed oil was also found to be rich in tocopherols with a predominance of c-tocopherol (90.5%). The phytosterol marker b-sitosterol accounted for 59.9% of total sterols contained in sesame seed oil. This oil, therefore, has a potential for its use in human nutrition or industrial applications. Compositional analysis revealed that the sesame seeds contained considerable amounts of protein (22%) and high amounts of lipids (52%). Nutrient information reported herein illustrates the benefits to public health for consumers of these plant seeds. In terms of oil, sesame seed oil may be considered as a valuable source for new multi-purpose products as industrial, cosmetic, and pharmaceutical uses. 
Introduction
Sesame seed (Sesamum indicum L.) is one of the world's most important and oldest oil seed crops known to man (Abou-Gharbia et al., 2000) . The genus sesamum is a member of the family Pedaliaceae, which contains 16 genera and 60 species (Hassan, 2012) . Sesame seed, a rich source of protein, is one of the first crops processed for oil production (Anilakumar et al., 2010) , also known as bennissed, benne, sesamum, gingelly, sim-sim and tila (Hassan, 2012) . It has been cultivated for centuries, particularly in Asia and Africa specially Sudan, Ethiopia and Nigeria (FAO, 2003) . Nearly 70% of the world production is from Asia. Africa grows 26% of the world's sesame, with Sierra Leone, Sudan, Nigeria and Uganda being key producers. Latin America grows 4% of the total world production (Abou-Gharbia et al., 2000) . Sesame plays an important role in human nutrition, medicinal, pharmaceutical, industrial and agricultural uses. Sesame seed has many culinary applications in many bakery products and for the oil production (raw or roasted). Sesame seed oil is very rich in polyunsaturated fatty acids used in margarine production and cooking oils. Sesame contains significant amounts of the lignans sesamin and sesamolin. These compounds have beneficial effects on serum lipid levels and liver function and give sesame seed oil a marked antioxidant activity. The lignans are also responsible for the great stability of sesame seed oil to oxidation (Crews et al., 2006) . All these substances have been shown to possess cholesterol-lowering effect in humans (Ogawa et al., 1995; Hirata et al., 1996) and to prevent high blood pressure and increase vitamin E supplies in animals (Yamashita et al., 1992; Kamal-Eldin et al., 1995) . Sesame seeds are an excellent source of copper and calcium. It is also rich in phosphorous, iron, magnesium, manganese, zinc and vitamin B1. Many medicinal properties and health benefits of sesame may be attributed to its mildly laxative, emollient and demulcent (Anilakumar et al., 2010) . Sesame seed oil has been found to inhibit the growth of malignant melanoma in vitro and the proliferation of human colon cancer cells (Smith and Salerno, 1992) . In the tissues beneath the skin, this oil neutralizes oxygen radicals. It penetrates into the skin quickly and enters the blood stream through the capillaries. Sesame seed oil is a useful natural UV protector. It has been successfully used in the children's hair to kill lice infestations (Anilakumar et al., 2010) . Sesamin has bactericide and insecticide activities (Anilakumar et al., 2010) . Sesamolin also has insecticidal properties and is used as a synergist for pyrethrum insecticides (Sirato-Yasumoto et al., 2001; Morris, 2002) .
The chemical composition of sesame shows that the seed is an important source of oil (50-60%), protein (18-25%), carbohydrates and ash (Sabah El Khier et al., 2008) . The oil fraction shows a remarkable stability to oxidation due to the presence of antioxidants (sesamol, sesamolin and sesamin) together with tocopherols. The quantity and quality of the oil contained in the seed have been shown to depend on ecological, genetics and physiological factors such as climate, soil type, cultivars and maturity of plant respectively (Rahman et al., 2007) .
For the assessment of the nutritional and economical value of oilseeds the knowledge on the compositional factors is very essential in connection with the properties. Therefore, the main objective of this study was to analyze the physical and chemical investigation on the seed and seed oil of sesame cultivars grown in Morocco and compare their biochemical properties with other countries.
Material and methods

Plant material and chemicals
Cultivation of Sesame seeds was performed in the region of Tadla-Azilal situated in central Morocco (32°20 0 North 6°21 0 West). Seeds were harvested in June 2014 in the agricultural province of Tadla (Region of Tadla-Azilal, central Morocco). After harvest, the seeds were stored at 4°C until processed.
All the reagents were of analytical or HPLC grade. Isooctane and isopropanol used as HPLC mobile phase and cyclohexane used for extinction coefficient determination were purchased from Professional Labo (Casablanca, Morocco).
Seed analysis
Seed moisture content, expressed as percentage by mass, was determined using 5 g of seeds by adapting the AOAC method 934.06 (AOAC, 1990) . A Jouan Quality Systems oven regulated at 105°C was used. The difference between the results of two last determinations was 0.1 g of moisture per 100 g of sample. Oil yield was calculated following the DIN EN ISO 659 recommendation (ISO 659, 2009) .
Nutritional composition of sesame seed oil cake was determined using the recommended methods of the Association of Official Analytical Chemists (AOAC, 2005) . Ash content was determined by incinerating 5 g of oil seed at 550°C in a muffle furnace. Crude protein content was calculated from the nitrogen content measured by the Kjeldah procedure with Gerhardt model Vapodest 20 instrument, using a factor 6.25. Crude fiber was determined according to the gravimetric procedure on defatted samples.
Sesame seed oil analysis
Oil extraction: Press-extraction was carried out using screwless cold presses (IBG Monforts Oekotec GmbH, Monchengladbach, Germany). Oil samples were stored at 4°C and protected from sunlight prior analysis.
Fatty acid composition was determined using method ISO 5508 (1990) . Before analysis, fatty acids (FAs) were converted to fatty acid methyl esters (FAMEs) by shaking a solution of 60 mg oil and 3 mL of hexane with 0.3 mL of 2 N methanolic potassium hydroxide. FAs were analyzed by gas chromatography using a Varian CP-3800 (Varian Inc.) chromatograph equipped with a FID. The column used was a CP-Wax 52CB column (30 m · 0.25 mm i.d.; Varian Inc., Middelburg, The Netherlands). The carrier gas was helium and the total gas flow rate was 1 mL/min. The initial and final column temperature was 170°C and 230°C, respectively, and the temperature was increased by steps of 4°C/min. The injector and detector temperature was 230°C. Data were processed using a Varian Star Workstation v 6.30 (Varian Inc., Walnut Creek, CA, USA). Results were expressed as the relative percentage of each individual FA present in the sample.
Sterol composition was determined using method ISO 6799 (1991), after trimethylsilylation of the crude sterol fraction, using a Varian 3800 instrument equipped with a VF-1 ms column (30 m · 0.25 mm i.d.) and helium (flow rate 1.6 mL/mn) as carrier gas, column temperature was isothermal at 270°C, injector and detector temperature was 300°C. Injected quantity was 1 lL for each analysis. Data were processed using Varian Star Workstation v 6.30 (Varian Inc., Walnut Creek, CA, USA).
Tocopherols composition was determined using the method ISO 9936 (2006) . High performance liquid chromatography (HPLC) was used for the determination of tocopherols, using a solution of 250 mg of oil in 25 mL of n-heptane. Tocopherols were analyzed by HPLC using Shimadzu CR8A instruments (Champ sur Marne, France) equipped with a C18-Varian column (25 cm · 4 mm; Varian Inc., Middelburg, The Netherlands). Detection was performed using a fluorescence detector (excitation wavelength 290 nm, detection wavelength 330 nm). Eluent used was a 99:1 isooctane/isopropanol (V/V) mixture, flow rate of 1.2 mL/min.
Physical and chemical oil parameters: Free fatty acid content, peroxide value (PV), extinction coefficients (K 232 and K 270 ), refractive index, and iodine value were determined according to AOCS recommended practices Ca 5a-40, Cd 8b-90, Ch 5-91, Cc 7-25, Cd 1c-85; respectively (AOCS, 1998). Free fatty acid content was expressed as percent of oleic acid. PV was expressed as milliequivalent of active oxygen per kilogram of oil (meq O 2 /kg oil), and extinction coefficient (K 232 and K 270 ) was expressed as the specific extinction of a 1% (w/v) solution of oil in cyclohexane in 1 cm cell path length, using a CARY 100 Varian UV spectrometer.
Oxidative stability of seed oils: Induction time was determined using the method ISO 6886, 2006) . The oxidative stability was evaluated by the Rancimat method. Stability was expressed as the oxidative induction period (IP, hours) measured at 110°C on a Rancimat 743 (Metrohm Co, Basel) apparatus using 3 g of oil sample with an air flow of 20 L/h. Volatile oxidation products were stripped from the oil and dissolved in cold water, whose conductivity increased progressively. The time taken to reach a level of conductivity was measured.
Results and discussion
Sesame seed analysis
Results obtained showed that the seeds contain 6% moisture, 52% crude oil, 22% crude protein, 3.5% crude fiber and 4.5% ash (Table 1) . These results were similar to those reported in other studies (Hassan, 2012; Sabah El Khier et al., 2008; Ogbonna and Ukaan, 2013; Nzikou et al., 2009; Ü nal and Yalc¸ın, 2008) . Interestingly, crude proteins and the high percentage of oil give this seed a distinct potential for the oil industry. The economic value of sesame seeds is dependent on its oil content rather than its protein content. In general, the oil contents of the Moroccan seeds were found within the range reported for sesame seeds grown in various parts of the world. Indeed the oil contents of sesame seeds from Morocco are lower than the contents of sesame seeds from Egypt (Hassan, 2012) , but higher than that of sesame seeds from Sudan and Nigeria (Sabah El Khier et al., 2008; Ogbonna and Ukaan, 2013) .
Physical and chemical analysis of crude oil 3.2.1. Quality parameters
Quality parameters used regularly to measure the physical and chemical properties of edible oils are content of free fatty acid (FFA), peroxide value, iodine value, saponification value, and refractive index. The iodine value is a measure of the total number of double bonds present in fats and oils (Gharby et al., 2014) . High iodine-value oil contains a greater number of double bonds than low iodine-value oil and has usually a reduced oxidative stability (Zine et al., 2013) . The iodine value of sesame seed oil was determined as 117 mg/100 g. This value is higher than that of argan oil (102 mg/100 g), olive oil (90.2 mg/100 g) but lower than that of soybean seed oil (134.5 mg/100 g) and sunflower oil (130 mg/100 g) (Gharby et al., 2012 (Gharby et al., , 2014 . Compared to sesame seed oils from other geographical origins, this value is in the group with higher iodine values together with sesame seed oil from Sudan and Nigeria (Sabah El Khier et al., 2008; Ogbonna and Ukaan, 2013) . Such a high value could suggest that sesame seed oil from Morocco possesses higher content in UFAs than most sesame seed oils. The refraction index increases with the unsaturation level of the oil. Refractive index of sesame seed oil was found to be very similar to the previously reported values (Sabah El Khier et al., 2008) . The oxidative state of any vegetable oil can be evaluated from the combined analysis of its PV, and its specific absorption at 232 (K 232 ) and 270 nm (K 270 ) which indicates the presence of primary and secondary oxidation products, respectively (Gharby et al., 2014) . The peroxide value of sesame seed oil was determined as 2.7 meq O 2 /kg and extinction coefficients (K 232 and K 270 ) were found to be 1.73 and 0.52, respectively. These results suggested that sesame seed oil stability to oxidation is relatively good, which is due to the presence of antioxidants (sesamol, sesamolin and sesamin) together with tocopherols. The quantity of free-fatty acids (FFAs), usually referred as ''the acid value'', is an important quality factor and has extensively been used as a traditional criterion for classifying olive and argan oil into various commercial grades (Gharby et al., 2012) . FFA determination is particularly important for industrial purposes since FFA can modify the organoleptic or physicochemical properties of oil. FFA content in sesame seed oil was found to be to be 0.92% (Table 2) . Similarly low FFA values have already been reported for sesame seed oil from Sudan (0.49) (Sabah El Khier et al., 2008) or Nigeria (0.9) (Ogbonna and Ukaan, 2013) . The high acid value showed in sesame seed oil from Congo (1.8) (Nzikou et al., 2009 ). This high value is frequently an indication for a strong enzymatic hydrolysis of sesame seeds during harvesting, handling or oil processing (Gharby et al., 2014) .
Fatty acid composition
The fatty acid (FA) composition is an essential indicator of the nutritional value of the oil. Sesame seed oil belongs to the oleic-linoleic acid group (Hassan, 2012) . It has less than 20% saturated fatty acid mainly consisting of palmitic and stearic acids. Oleic acid and linoleic acid constitute more than 80% of the total fatty acids in sesame seed oil (Table 3 ). All fatty acid composition evaluated in the sesame seed oil from Morocco, was also found to be satisfactory in terms of the official Standard of Codex Alimentarius (Codex, 2003) , and also found very similar to that of sesame seed oils from different geographical origin with the major exceptions of sesame seed oils from Sudan (Sabah El khier et al., 2008) and Congo (Nzikou et al., 2009 ). Palmitic acid is the major saturated fatty acid of sesame seed oil (Crews et al., 2006) and its content ranges between 8.47% and 12.9%, according to different origin. The highest percentage is observed in sesame seed oil cultivars grown in Sudan (12.9%), whereas the lowest value is present in sesame seed oil cultivars grown in Congo, Turkey and Egypt. The mean value found for sesame seed oil cultivars grown in Morocco was 11.3%. Oleic acid is the main monounsaturated fatty acid of sesame seed oil (Crews et al., 2006) . Sesame seed oil from Morocco presented a lower content of oleic acid (41.9%) compared to Sudan oil (47.5%) with a higher content in linoleic acids (42.1%) compared to 36.4% in oil from Sudan. The minor fatty acid components of the sesame, palmitoleic (C16:1), stearic (C18:0), linolenic (C18:3) and arachidic (C20:0), showed no significant differences from one sesame seed oil to the other. Levels of these fatty acids in the various tested oils were into the codex norm (Codex, 2003) . The percentages of saturated acids (SFA), and unsaturated fatty acids (UFA) and the UFA/SFA ratio (UFA/SFA) in the studied sesame seed oils from different origin were also evaluated. It was observed that Moroccan sesame seed oil was rich in saturated fatty acids (SFA) (16.3%) essentially due to its higher content in palmitic acid which represents the major acid of the SFA fraction. Concerning the total unsaturated fatty acids (UFA), Congo sesame seed oil contained the highest percentage (85.15%) due to its high content of linoleic acid. The UFA/SFA ratio varies between 5.2 and 6 according to samples. This ratio was used to have a marked relationship with stability in olive oil (Maestro-Dura´n and Borja-Padilla, 1993) . Differences in the fatty acid composition between different sesame seed oils could be explained by various factors including seed genetic variations, differences in oil processing, or different harvest dates (Hassan, 2012; Kamal-Eldin et al., 1995; Rahman et al., 2007) . These results are in agreement with the findings of other authors (Hassan, 2012; Sabah El Khier et al., 2008; Ogbonna and Ukaan; Nzikou et al., 2009; Ü nal and Yalc¸ın, 2008) . They reported that several agronomic parameters could modify the fatty acid composition of sesame seed oil. The most studied aspects include cultivar and origin, fruit ripening, harvest period and pedoclimatic conditions.
Sterol composition
Phytosterols are a very useful parameter for detecting adulterations or to check authenticity, since it can be considered as a fingerprint. Besides, their determination is of major interest due to their antioxidant activity and impact on health (Rigane et al., 2013; Maestro-Dura´n and Borja-Padilla, 1993) . Table 4 lists the sterol levels obtained from Moroccan sesame seed oil and other varieties grown in Turkey and Sudan. All phytosterol compositions found for the sesame seed oil from Morocco, were found to be satisfactory in terms of the official Standard of Codex Alimentarius (Codex, 2003) . No difference, in terms of sterol composition was observed between sesame seed oil from Morocco or other varieties grown in Turkey and Sudan (Sabah El Khier et al., 2008; Ü nal and Yalc¸ın, 2008) . This shows that the sterol composition weakly depends on the geographical origin. In sesame seed oil, b-sitosterol is also the most abundant sterol which constituted about 60%. This sterol is also abundantly found in soybean, sunflower and olive oil (Zine et al., 2013) . Among the different phytosterols, b-sitosterol has been most intensively investigated with respect to its beneficial and physiological effects on human health. b-sitosterol lowers cholesterol levels (Pegel, 1997) , enhances immunity (Nieman, 1994) , and has anti-inflammatory, antipyretic and anti-carcinogenic effects (prostate essentially) (Klippell, 1997; Kritchevsky and Shirley, 2005) . The next major component was campesterol where it reaches about 17.8% of the total sterols. D5-avenasterol and stigmasterol accounted for about 10.2% and 6.4% respectively in this oil. Minor sterols were D7-stigmasterol and D7-avenasterol. The total sterol contents in sesame seed oil were 540 mg/100 g oil. This value is in agreement with the findings of Crews et al. (2006) .
Tocopherols composition
Owing to their role in the protection against oxidative deterioration of polyunsaturated fatty acids in plant material, tocopherols in seed oil are extremely important. They are natural lipophilic antioxidants mainly found in vegetable oils. Total tocopherol contents of sesame seed oil are 446 mg/kg, that is higher than that of olive (220 mg/kg) (Gharby et al., 2011) , but lower than the content of argan oil (850 mg/kg) and cactus oil (946 mg/kg) (Zine et al., 2013) . Only a-, c-and d-tocopherols were present in sesame seed oil (Table 5 ). c-tocopherol was the main component and represented about 90.5% of total tocopherols, then followed by d-tocopherol (7.3%) and a-tocopherol (2.2%). These results are in agreement with the findings of other authors (Crews et al., 2006 ). c-tocopherol shows a higher antioxidant capacity as compared to a-tocopherol (Fatnassi et al., 2009) . But a-tocopherol has a higher biological activity than other tocopherols, thus, it is recommended for human and animal consumption.
Oxidative stability
Oxidation of lipids is a major cause for deterioration of the quality of edible oils; it is the cause of important deteriorative changes in their chemical, sensory and nutritional properties (Zine et al., 2013) . The aspect of oxidation of sesame seed oil has never been investigated in previous studies. To get a complete picture of sesame seed oil oxidative stability, we decided to determine the induction period by Rancimat test (Gharby et al., 2011) . The induction time, evaluated by the Rancimat method is 28.5 ± 1 h at 110°C. At the same temperature, we found the Rancimat induction times of other oils are 31, 27, 17 and 7 h for respectively argan, olive, nigella and cactus oils ( Table 6 ). The sesame seed oil is more resistive to oxidation than nigella and cactus, but similar to that of olive and argan oils. A combination of several compounds is likely to be responsible for the good oxidative stability of sesame seed oil (Sabah El Khier et al., 2008; Lee et al., 2008) . Among these compounds, sesamol, sesamolin and sesamin together with other phenolic compounds, and tocopherols are the most efficient (Sabah El Khier et al., 2008; Abou-Gharbia et al., 2000; Yoshida et al., 1995) .
Conclusion
Sesame as a valuable seed oil appears to have numerous beneficial properties for applications in food industry. The present investigation indicates that the region of Tadla-Azilal in Morocco is suitable to produce high quality sesame seed oil whose composition is comparable with the best elsewhere-produced sesame seed oils or other commonly used vegetable oils. It is a rich source of many essential nutrients that have beneficial and very positive effect on human health. The good shelf life presented by the cold-press extracted oil, as well as other desirable characteristics make the Moroccan sesame seed oil a suitable ingredient in the pharmaceutical, nutraceutical and cosmetic domains. Rancimat (h) 7 ± 1 17 ± 2 27 ± 3 31 ± 2 28.5 ± .5
